A cohort of 4320 uranium miners in West Bohemia who started work at the mines during 1948 to 1959 and worked there for at least four years were followed up to the end of 1990 to determine cause specific mortality risks in relation to exposures in the mines. The miners had experienced high radon exposures, on average 219 working level months during their uranium mining careers, for which detailed measurements were available. They had also been exposed to high arsenic levels in one of the two major mines, and to dust. 
(95% CI) 1.50-1-63), with significantly raised risks of lung cancer (RR = 5.08, 95% CI 4X71-5.47), accidents (RR = 1*59, 95% CI 1-34-1.87), homicide (RR = 5 57, 95% CI 2-66-10.21), mental disorders (RR = 5-189 95% CI 2-83-8-70), cirrhosis (RR = 1*51, 95% CI 1.16-1-94), and nonrheumatic circulatory diseases (RR = 1*16, 95% CI 1.08-1.25). The relative risk of lung cancer was greatest four to 14 years after entry to the mines. Relative risks for homicide and accidents were raised up to 25 years from entry but not after this. Substantial significantly raised risks at 15 to 24 years after entry occurred for cirrhosis, non-rheumatic circulatory diseases, and pneumonia and other respiratory infections. Sizeable significantly raised risks at 25 and more years after entry, but not earlier, were present for mental disorders, tuberculosis, and nonmai nt non-infectious respiratory conditions. No specific causes showed risks significantly related to age at entry to mining. Risk of lung cancer was significantly positively related to radon exposure, estimated arsenic exposure, and duration of work in the mines, but no other cause was significantly positively related to these variables. The raised risk of lung cancer in uranium miners, which is well established, is related aetiologically to radon exposure, and in the present cohort it may also in part have been due to exposure to arsenic. The raised risks of accidents, tuberculosis, and noninfectious respiratory diseases have also been seen in other uranium mining cohorts, and are likely to reflect the dangerous and dusty working conditions and the confined spaces in which work occurred. The cirrhosis and homicide deaths probably relate to the lifestyle associated with wining. The raised risk of circulatory diseases does not seem to be related to radon or arsenic exposure; its causes are unclear. The use of multiple follow up methods was found to be critical to correct ascertainment of mortality in the cohort.
(Occup Environ Med 1994;51:308-315)
Mining has been carried out in the Erz mountains, on the border between Czechoslovakia and Germany, for several centuries. In Jachymov (joachimsthal), Czechoslovakia, pitchblende was mined for radium before the second world war' and uranium was mined during the war by French and other prisoners, and after the war by Czechoslovaks who also mined uranium at Horni Slavkov, 40 km to the south.
High mortality from pulmonary disease in miners in the area has been known since the 16th century. 2 This disease was recognised as cancer in 1879 at Schneeberg on the German side of the frontier. Lung cancer was first reported in the Jichymov mines in 1929,4 and soon afterwards was established as a major cause of death in the miners by Pirchan and Sikl,5 who suggested that radon was the likely cause.
The present cohort was established in 1970. Published analyses have concentrated on cancer risks,6-9 however, and virtually no data have been published on risks of other causes of death. Information on these causes for certain other radon exposed mining cohorts have found, as well as raised risk of lung cancer"0-'6 and in some instances other cancers,"'l5 raised risks of mortality from tuberculosis,'1'2 silicosis,'10-5 other chronic non-malignant lung disease,'015 alcoholism,'0 accidents and violence,'1'6 cardiovascular disease, not further specified,'4 rheumatic fever and rheumatic heart disease,'0 heart disease other than rheumatic or atherosclerotic,'0 and chronic nephritis and renal sclerosis.'0 The published analyses from most of these studies for causes other than cancer have been limited, however, and there has been little investigation of risk in relation to variables such as radon exposure and age.
We have now extended the follow up of the West Bohemian cohort, evaluated and improved its completeness, and coded all deaths by cause for the first time. We examine here the mortality from a wide range of causes, and evaluate the relation of mortality risks to radon and arsenic exposures. For completeness in consideration of overall mortality of this group and the balance between different causes, we have included information on lung cancer and other cancer mortality in the same degree of detail as for the non-malignant causes; greater detail and statistical modelling of the cancer risks can be found elsewhere.89
Materials and methods

COHORT DEFINITION
The cohort was established by a search in 1970 of employment records for 95 000 miners at Jachymov and Horni Slavkov, of whom 40 364 were identified as having worked underground in 1948 or later. From these underground workers, men were included in the cohort if they satisfied the following criteria: (a) underground work commenced in 1948-59; (b) underground work lasted at least four years (subsequent checks showed that 19 miners initially included actually worked for slightly shorter periods (3-6-3-9 years); these men have been retained in the present analysis); and (c) personnel and employment records were available, including details of duration of underground employment and time spent in each shaft.
It is likely that few miners were excluded because they had started work in the mines before 1948. The main reason for exclusion was that there were many short term workers because of high wages and poor working conditions. A few men were excluded because of inadequate information in their employment record, but it is thought unlikely that records had been removed or become incomplete because of death or emigration before 1970.
The final cohort that met the entry criteria consisted of 4320 men. Most were Czechs, about 25% were Slovaks and 5% had German ancestry. Few had other igneous rock mining experience: under 2% had mined non-uranium ores before they mined uranium, and under 1 % had 10 or more years such experience. 6 When the cohort was identified in 1970, the mines had already closed and so information on the smoking habits of the men could not be obtained. There were only "trace amounts" of chromium, nickel, and cobalt in the mine dust." Arsenic levels were much greater in Jachymov (mean percentage of arsenic in the dust 0-5%, maximum 7-1%) than Horni Slavkov (mean 0-01%, maximum 0 053%)." Because of this difference between the mines we recoded the occupational histories to score each miner's arsenic exposure, on the basis of the limited data available about arsenic and dust levels in the mines, as 1 for each year worked underground at Jachymov before 1958, 0 33 for each year worked underground at Jachymov from 1958 onwards, and zero for work at all other mines.
METHOD OF ANALYSIS
Person-years at risk were calculated for each man, starting at four years after entering employment at the mines and ending at the earliest of date of death, emigration, 85th birthday, loss to follow up, or 1 January 1991. Because uranium mining was well paid, it attracted workers from all over Czechoslovakia, and after closure of the mines many of the men moved away from the locality; we therefore used national rather than local mortality data for calculation of expected deaths. Annual national death rates by five year age group for 1953-90 were obtained from the World Health Organisation and Czechoslovak Federal Statistical Office, and we bridge coded them to the same ICD revisions as for the miners' data. Estimates of the national death rates by single year of age were made by interpolation. For each cause of death, the expected numbers of deaths were then calculated by multiplying the single year of age and calendar year specific person-years at risk by the estimated national death rates for the corresponding age and year. Confidence intervals and two sided p values for the observed to expected ratios were calculated from the Poisson distribution.
Mortality risks were also analysed by cumulated radon and arsenic exposures. These analyses were conducted (a) for total cumulative exposure; (b) lagging the radon and arsenic exposures by five, and by 10 years: we excluded deaths and person-years of observation in the first 10 years after initial employment from these analyses, to allow the healthy worker selection effect24 to wear off, (c) considering only exposures during the past 10 years, as the aetiological effects of radon or arsenic might wear off after this time.
Analyses were also performed in relation to duration of employment in the mines. We restricted these analyses to person-years 15 and more years after first employment in men who had worked for less than 15 years 
Estimated cumulative arsenic exposure on tern employment*:
Total number of men 200 (4) (5) (6) year groupings (not shown) the peak RR was 9-17 (95% CI 7-50-11-10) at 10-14 years 877 after first employment, with a steady decrease 2385 (55-2) thereafter), and accidents (RR = 1-59, 95%
887 165 (3) (4) (5) (6) (7) (8) CI 1-34--1-87), for which the RR was raised 6 (0-14) substantially up to 24 years from first employemployment ment, but much less thereafter. There were 125 (2) (3) (4) (5) (6) (7) (8) (9) also substantial significantly raised risks for 573 the follow up period overall for homicide (RR 1838 (42-6) = 5-57, 95% CI 2-66-10-21), for which all 872 373 deaths were before 25 years from first employ- 293 (6) (7) (8) terns to that for cirrhosis .were seen for non- tBy definition of the study cohort, the workers had survived to four years from commencement of employment (see materials and methods).
TomAiek, Swerdlow, Darby, POiek, Kunz *p < 0-05; **p < 0-01; ***p < 0-001 (two sided test that the difference between the number of deaths observed and that expected could have occurred by chance). tConsidering only deaths and person years 15 + years after start of employment among those employed less than 15 years.
tNumber of deaths included in trend tests for arsenic and radon. §Two sided test of hypothesis that there is no trend in mortality.
I NS = non-significant (p > 0-05).
10 year lag period. In analyses restricted to exposures during the last 10 years, only lung cancer was significantly associated. Estimated cumulative arsenic exposure lagged by five years was also significantly positively related to all cause and to lung cancer mortality (table 6), but was not significantly positively related to any other cause. Only the risk of lung cancer remained significantly positive in analyses with no lag period or a 10 year lag period, and with consideration only of exposures during the past 10 years. There were significant negative relations of estimated arsenic exposure to risks of circulatory diseases and respiratory diseases other than pneumonia, in analyses with a five year lag (table 6), or 10 year lag, and for respiratory diseases with no lag period, but not otherwise.
Duration of uranium mining (table 6) was significantly positively related to risks of mortality from all causes and lung cancer, and significantly negatively related to risk of mortality from mental disorders.
Discussion
The West Bohemian uranium miner cohort is one of the main sources of information on the health effects of an atmosphere with a high radon concentration. Several papers have analysed data on lung cancers in the cohort,s8 and we have recently reported on other cancer risks.9 Data from several other uranium miner cohorts have shown raised risks of various non-malignant causes,1°11 15 although with little examination of the relation to factors such as age at mining exposure and exposure levels. Mortality from non-malignant causes has virtually not been analysed in the West Bohemian cohort, however; nor have the completeness of follow up and its impact on the West Bohemian findings been examined.
Czechoslovakia does not have a well established system for routine follow up of epidemiological cohorts. Previous publications on the Czechoslovak uranium miners have relied on the Ministry of Interior population registry files to determine vital status since 1975. We were suspicious, however, that this method was incomplete. The further checks we conducted on men apparently alive in the Ministry's files, substantially altered the findings for recent follow up: a further 210 deaths and 33 emigrations were found, and the all cause SMRs for 1981-85 and 1986-90 rose from 111 and 86 respectively before these checks, to 138 and 139 after them. The newly found deaths were not biased by cause compared with those already known from the Ministry of Interior follow up, implying that if there are any deaths still missing among the 32 miners still only located via the Ministry of Interior files, they are unlikely to be biased by cause. There were 41 deaths in the study with cause unknown, mainly because the place of death within Czechoslovakia was unknown and therefore the death certificate could not be located. There is no obvious reason why these should have been biased by cause, but they imply that the true cause specific SMRs, if cause were known for all deaths, would be about 3% greater than those shown.
Uranium miners were entitled to lifelong medical care in Uranium Institute hospitals. This care was better than that available to the general population, and therefore was deliberately used by the men, but it was available only in mining areas and not if miners moved away. There may therefore be some diagnostic bias in ascertainment of cause of death in the miners compared with that in the population as a whole, which is likely to have diminished in more recent years as miners left the mining areas. It seems unlikely, however, that such diagnostic bias could explain any of the excesses for non-cancer mortality found in the miners in the present analyses, or account for more than a small fraction of the lung cancer excess. In the early years of follow up, the relative risk of death compared with that in the general population will have been affected by the healthy worker effect,24 but this effect will have diminished over time, and for the overall follow up it will have been of modest effect.
The raised risk of mortality from tuberculosis was only present in miners more than 20 years after entry to the mines, and many years after most of the mines had closed. One possibility is that this was a late result of primary infection in the mines. Increased transmission of tuberculosis while working in confined spaces underground would be unsurprising, and raised risk of tuberculosis has been described in two previous uranium miner cohorts,'O1' (in one, data were not presented on the relation to duration since first exposure,"1 and in the other risk was slightly greater in the first 10 years after first exposure than subsequently).'0 It is interesting that all but one of the Czechoslovak miners with tuberculosis were born before 1930: a national BCG immunisation campaign was conducted in Czechoslovakia in 1948-9 restricted to persons born in 1930 onwards. A possible reason for the late deaths from tuberculosis might be that silicosis typically occurs many years after starting mining, and its presence could raise the risk of tuberculosis or could complicate tuberculosis leading to accelerated fatality from the infection. Although silicosis was rare in the miners and only four of the deaths involving tuberculosis were stated to be from silicotuberculosis, it is possible that others involved silicosis without this being stated on the death certificate.
The increased mortality from cirrhosis in the cohort is likely to reflect heavy drinking as part of the lifestyle of the miners, who were well paid compared with other Czech workers. The excess mortality from cirrhosis ceased at age 65, when the men will have retired from work. In Colorado uranium miners an excess mortality from alcoholism but not cirrhosis has been found.'0
The late increase in mortality from nonmalignant, non-infectious, respiratory diseases in the cohort might reflect the long term effects of dust inhalation in the mines. Decreased lung function has been shown in uranium miners in Colorado26 and New Mexico.27 Mortality from silicosis has been increased in several uranium miner cohorts,'0 11 1 " and in New Mexico chest x ray film abnormalities compatible with silicosis were found in 9% of miners examined. 27 In the Czechoslovak miners, however, only 10 death certificates mentioned silicosis or silicotuberculosis, and the mortality from non-malignant, non-infectious, respiratory diseases was mainly from chronic bronchitis and emphysema (59 cases). In the Colorado miners,10 and to a lesser extent those in Newfoundland"3 and New Mexico,'6 but not appreciably in Ontario," there seems to have been a raised risk of non-infective, non-malignant respiratory diseases other than silicosis.
Mortality from cardiovascular disease is increased in miners exposed to radon in Sweden,'4 but not in Canada" 13 or Cornwall,'2 and not overall in Colorado.'0 Comparison of the present data with these studies is unsatisfactory, however, because they lack data on risks by time since entry to risk: one would expect low risks soon after entry, because of the healthy worker selection effect, even if mining causes an eventual raised risk. In Colorado uranium miners an excess risk of cardiovascular deaths due to rheumatic fever was found,'0 but risk from this cause was not increased in our data. Excess mortality coded to cardiovascular disease might occur if pulmonary heart failure occurred from dust related respiratory disease. Only 26 of the 779 non-rheumatic circulatory deaths, however, were coded to pulmonary heart failure (ICD-8 426; ICD-9 415-7). There is insufficient information on the smoking and diet of the miners to know if these explain their cardiovascular mortality.
Waxweiler et al'0 found that mortality from chronic nephritis and renal sclerosis was increased in Colorado uranium miners. The lack of increased mortality from urinary disease in the present cohort argues against an effect of uranium exposure.
Raised mortality from accidents and violence has been found in all cohorts of uranium miners in which the risk has been examined,'°0" 1516 and the Czechoslovak miners were no exception. Most of these deaths in the Czechoslovak miners were from accidents, but much the greatest relative risks were for homicide. Mortality from homicide was not increased in Colorado'0 or New Mexico'6 uranium miners. The raised mortality from accidents continued for many years after the men had left the uranium mines (although they may still have been employed in hazardous occupations), but decreased steeply with attained age-a decrease noted also in the only other study to examine this."I The arsenic analyses should be interpreted cautiously, as they are based on indirect and approximate exposure estimates. They showed an association with risk of lung cancer, however, which accords with much previous evidence of an aetiological relation. 2829 The other significant associations with exposure to arsenic, by contrast, were inverse, not entirely consistent, and most unlikely to be aetiological.
The relation of radon exposure to lung cancer in the West Bohemian miners was highly significant and the aetiological nature of the relation is clear from studies of miners and animal experiments.'0 Other cancers overall showed no increased risk or relation to radon. Site specific cancer risks in this cohort are discussed elsewhere.89 The only other significant relation to radon exposure, for suicide, was negative and implausibly aetiological.
In summary, the miners showed a sizeable increase in lung cancer risk due to radon exposure, and in Jachymov possibly due also to arsenic exposure. Accidents and violence, and chronic respiratory disease risks were increased, although risks of silicosis in the West Bohemian miners seem to be less than in several other uranium mines; alcohol related mortality was increased; and mortality from cardiovascular disease was increased, but it was unclear, and needs further investigation, whether or not this was of occupational origin.
